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ASSEMBLY OF MICROENCAPSULATED layer, the pixel layer, and the circuit layer are integrated to 

ELECTRONIC DISPLAYS form the electro-optical device. 

In one embodiment, the pixel layer and the modulating 

RELATED APPLICATIONS layer are integrated first to form a subassembly, and 

5 thereafter, the circuit layer and the subassembly are inte- 

The present application claims priority to provisional gratec ] t0 f orm tne electro -optical device. For example, the 

application U.S. Ser. No. 60/112,330 filed on Dec. 15, 1998, p i xe i layer and the modulating layer can be integrated 

the entire disclosure of which is incorporated herein by through encapsulation. Alternatively, an edge of the pixel 

reference. The present application is a continuation-in-part layer and an edge of the modulating layer can be sealed 

of utility applications U.S. Ser. No. 09/338,412 filed on Jun. together. The circuit layer and the subassembly can be 

22, 1999, now abandoned, and U.S. Ser. No. 09/289,036 integrated by bonding the two layers. For example, the 

filed on Apr. 9, 1999, the entire disclosures of which are circuit layer and the subassembly can be bonded by inserting 

incorporated herein by reference. an adhesive layer comprising an anisotropically conductive 

material between the two layers. 

FIELD OF THE INVENTION In another embodiment, the pixel layer and the circuit 

_ layer are integrated first to form a subassembly and 

This invention generally relates to methods of manufac- thereafter, the modulating layer and the subassembly are 

luring an electronic display, and more particularly, to meth- integrated to form the electro -optical device, 

ods of assembling electronic displays. In one embodiment, the electro-optical material com- 

DAP^D^iiMn nc tuc .m/EMTinM P rises a Plurality of capsules, each capsule comprising a 

BACKGROUND OF THE INVENTION 20 plurality of particles disper sed in a fluid. For example, the 

An electronic display includes optical components such as plurality of particles can be electrophoretic particles. In 
liquid crystals and electrophoretic particles and electronic another embodiment, the electro-optical material comprises 
components such as electrodes and driving circuitry. The lic l uid crystals. In still another embodiment, the electro- 
optical components and the electronic components have optical material comprises a plurality of capsules, each 
differing performance criteria. For example, it is desirable 25 capsule comprising a bichromal sphere dispersed in a fluid, 
for the optical components to optimize reflectivity, contrast In one embodiment, the modulating layer comprises a 
ratio and response time, while it is desirable for the elec- flexible substrate. For example, the modulating layer can be 
tronic components to optimize conductivity, voltage-current an organic substrate. 

relationship, and capacitance, or to possess memory, logic, In one embodiment, the pixel layer comprises an insula- 

or other higher-order electronic device capabilities. tive substrate. The pixel layer can be formed by printing or 

Therefore, a process for manufacturing an optical compo- evaporating a conductive material on the front surface of the 

nent may not be ideal for manufacturing an electronic substrate to form the pixel electrodes, 

component, and vice versa. For example, a process for In one embodiment, the circuit layer includes one or more 

manufacturing an electronic component can involve pro- ^ of the fallowing elements: a data line driver, a select line 

cessing under high temperatures. The processing tempera- driver, a power supply, a sensor, a logic element, a memory 

ture can be in the range from about 300° C. to about 600° C. device and a communication device. For example, the circuit 

Subjecting many optical components to such high layer can include non-linear devices such as transistors. The 

temperatures, however, can be harmful to the optical com- transistors can be made by printing organic-based field effect 

ponents by degrading the elements (i.e., the electrophoretic transistors on a front surface of the circuit layer, 

particles or liquid crystals) chemically or by causing i n one embodiment, the modulating layer, the pixel layer, 

mechanical damage. anc j t ne circuit layer are tested prior to being integrated. 

SUMMARY OF THE INVENTION . In aDOther ia ™t!° n & TT? ele *°-° p,ical 

device manufactured using the methods described herein. 

One way to circumvent this problem is to change the 45 The electro-optical device can be an electronic display, 
chronology of display fabrication, in which the electronic BRIEF DESCRIPTION OF THE DRAWINGS 
components requiring high temperature processing are pro- 
cessed first, and the optical components requiring low tern- ^ fore S oin g and other ob J ects > features and advantages 
perature processing are processed second. Another way to of ^ P resent nation, as well as the invention itself, will 
circumvent this problem is to process the optical compo- 50 be more ^ understood from the following description of 
nents and the electrical components separately and then preferred embodiments, when read together with the accom- 
integrate the two components, afterwards. P anvin S drawing* in which - 

The present invention relates to a method of manufactur- / IG ; 1 shows * cross-section view of a modulating layer 

ing an electro-optical device. In one aspect, the electro- of an electronic display, according to one embodiment of the 

optical device is manufactured in accordance with the fol- 55 P resent invention. 

lowing steps. First, a modulating layer, a pixel layer, and a FIG - 2 snows a cross-section view of a pixel layer of an 

circuit layer are provided. The modulating layer includes a electronic display, according to one embodiment of the 

first substrate and an electro-optical material provided adja- present invention. 

cent the first substrate. The modulating layer is capable of FIG. 3 shows a cross-section view of a subassembly of the 

changing a visual state upon application of an electric field. 60 modulating layer of FIG. 1 and the pixel layer of FIG. 2, 

The pixel layer comprises a second substrate. A plurality of according to one embodiment of the present invention, 

pixel electrodes are provided on a front surface of the second FIG. 4a illustrates integration of the subassembly of FIG. 

substrate and a plurality of contact pads are provided on a 3 and a circuit layer, according to one embodiment of the 

rear surface of the second substrate. Each pixel electrode is present invention. 

connected to a contact pad through a via extending through 65 FIG. 4b illustrates integration of the subassembly of FIG. 

the second substrate. The circuit layer includes a third 3 and a circuit layer, according to another embodiment of the 

substrate and at least one circuit element. The modulating present invention. 
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FIG. 5 shows a cross-sec lion of an electronic ink erties of the pixel layer 22, is provided. The pixel layer 22 

assembly, according to one embodiment of the present includes a substrate 23, pixel electrodes 24 provided on a 

invention nrst surface 21 of the substrate 23, and contact pads 26 

FIG. 6a illustrates integration of the electronic ink assem- P rov , id < d on » ^» nd surface 25 of the substrate 23. Each 

bly of FIG. 5 and a second circuit layer, according to one S pad electrode 24 K electncally connected to a contac pad 

J . ,. 4 - , . . J & 26 through a via 28. In order to maximize probability of 

embodiment of the present invention. electrical contact between the pixel electrode 24 and the 

FIG. 6b shows a cross-section of an electronic ink mte- contact pad 26, more than one via 28 can be provided 

grated using the method illustrated in FIG. 6a. between each pixel electrode 24 and its corresponding 

FIG. la illustrates integration of a pixel layer and a circuit contact pad 26, as illustrated in FIG. 2. The pixel layer 22 

layer to form a subassembly, according to one embodiment will be discussed in detail with reference to FIGS. 9a and 9b. 

of the present invention. The modulating layer 10 of FIG. 1 and the pixel layer 22 

FIG. lb illustrates integration of a subassembly of a pixel of nG - 2 > prepared separately are now integrated as illus- 

layer and a circuit layer to a modulator layer, according to ***** ™ ™i. 3 U t0 f ? rm a subassembly 30 The pixel 

one embodiment of the present invention. 15 electrodes 24 are brought in contact with a second surface 11 

r 1 of the modulating layer 10 such that the common electrode 

FIG. 8a shows a partial cross-section view of an elec- 12 ^ pr0 vided next to the first surface 13 of the display 

tronic display media, according to one embodiment of the me ^ 14 ^ me p i xe [ e l ec trodes 24 are provided next to the 

present invention. second surface 11 of the display media 14. The pixel layer 

FIG. Sb shows a partial cross-section view of an elec- 22 can be joined with the modulating layer 10 by providing 

tronic display media, according to one embodiment of the 20 an adhesive material between the pixel layer 22 and the 

present invention. modulating layer 10. The adhesive material has electrical, 

nCScshowsapartialcross-sectionviewofanelectronic ^t^'Af ^n™' S^lf w- co i"P a, *' e 

, * u 4 f*u * with those of the pixel layer 22 and the modulating layer 10. 

display media, according to one embodiment of the present ™ . . *; . . lL . ^/ « 

■ v ♦* *° ensure intimate connection between the pixel layer 22 

n 1 25 an d th c modulating layer 10, the subassembly 30 may be 

FIG. %d shows a partial cross-section view of an elec- pressed together using standard pressing equipment well 

tronic display media, according to one embodiment of the known to those skilled in the art, such as vacuum laminators 

present invention. and thermal presses. 

FIG. 9a shows a first surface of a pixel layer, according to The edges of the subassembly 30 can be sealed using a 

one embodiment of the present invention. 30 seal 32 as shown in FIG. 3. The material for the edge seal 

FIG. 9b shows a second surface of a pixel layer, according 32 can ^ selec u ted from a number of commercially available 

to one embodiment of the present invention. materials, such as one or . two-part epoxies In another 

embodiment, the subassembly 30 is encapsulated in a pro- 

FIG. 10 shows a partial cross-section view of transistors tective material Th e materi al for the encapsulant can be 

for addressing an electronic display, according to one selected from a number of commercially available transpar- 

embodiment of the present invention. 35 ent materials, such as vapor-deposited parylene. In this 

FIG. 11 illustrates a connection between a transistor and embodiment, the contact pads 26 remain exposed to provide 

electrodes of an electronic display, according to one embodi- electrical connection with a circuit layer. Alternatively, 

ment of the present invention. encapsulation with a protective material can take place after 

a final assembly of an electronic display is provided. The 

DETAILED DESCRIPTION OF PREFERRED 40 protective material used for encapsulation protects the 

EMBODIMENTS electro -optic material and the electronic elements from the 

environment 

The present invention relates to a method of assembling Referring to FIGS. 4a and 4b, the subassembly 30 is 

or packing an electronic display. Referring to FIG. 1, a integrated with the circuit layer 40. The circuit layer 40 

modulating layer 10 prepared using methods to be 45 includes a substrate 41, pixel electrode contacts 42 provided 

described, which optimize the optical qualities of the modu- on a first surface 45 of the substrate 41 and pixel circuitry 

lating layer 10, is provided. The modulating layer 10 and logic 44 provided on the substrate 41. Details of the 

includes a substrate 12 and a display media 14 provided next circuit layer 40 will be discussed in reference to FIGS. 10 

to the substrate 12. The substrate 12 includes a front and 11. In one embodiment, the subassembly 30 is bonded 

common electrode 16 deposited on a first surface 13 of the 50 to the circuit layer 40 using bonding techniques known to 

substrate 12 next to the display media 14. The display media those skilled in the art, such as thermocompression, ther- 

14 includes microcapsules 18 dispersed in a binder 20. Each mosonic bonding or mechanical bonding, 

microcapsule 18 includes an electro -optical material. An i n the embodiment of FIG. 4a, an adhesive layer 46 is 

electro-optical material refers to a material which displays provided between the second surface 25 of the pixel layer 22 

an optical property in response to an electrical signal. 55 of the subassembly 30 and a first surface 45 of the circuit 

Examples of electro-optical material can be electrophoretic layer 40. To improve adhesion and planarization, the adhe- 

particles or a liquid crystalline fluid dispersed in a solvent. s i ve layer 46 can be provided on the second surface 25 of the 

An electro-optical material can also be bichromal spheres p i xe l layer 22 around the contact pads 26 and the first 

dispersed in a solvent. Details of electro-optical materials surface 45 of the circuit layer 30 around the pixel electrode 

within the microcapsules 18 will be discussed further in 60 contacts 42. The adhesive layer 46, for example, can be 

reference to FIGS. SaSd. An important property of the m ade of a film coated on both sides with an adhesive 

electro-optical material within the microcapsules 18 is that material. Examples of such adhesive layers include Double 

the material is capable of displaying one visual state upon Coated Film Tape Nos. 9443, 443, and 444 available from 

application of an electric field and a different visual state 3M Company (St. Paul, Minn.). In one embodiment, the 

upon application of a different electric field. 65 adhesive layer 46 is printed on the second surface 25 of the 

Referring to FIG. 2, a pixel layer 22, prepared using pixel layer 22 and/or the first surface 45 of the circuit layer 

methods to be discussed which optimize the electrical prop- 40. 
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In the embodiment of FIG. 4b, an anisotropic conductive 
film 47 is provided between the second surface 25 of the 
pixel layer 22 and the first surface 45 of the circuit layer 40. 
An anisotropic conductive film 47 is conductive through one 
axis, such as the z-axis only. The anisotropic conductive film 5 
47 can consist of silver particles dispersed in an adhesive 
matrix such as Z-axis Adhesive Film Nos. 5303 and 7303 
available from 3M Company (St. Paul, Minn.). The aniso- 
tropic conductive film 47 can provide the electrical feed 
through between the contact pads 26 and the pixel electrode 10 
contacts 42. 

After providing the adhesive layer 46, 47 between the 
pixel layer 22 and the circuit layer 30, a pressure is applied 
to the subassembly 30 and the circuit layer 40 to bond them 
together. Standard equipment known to those skilled in the 15 
art, such as vacuum laminators and thermal presses, can be 
used for assembling the subassembly 30 and the circuit layer 
40 to form the assembly 50, as shown in FIG. 5. In one 
embodiment, the pixel layer 22 and the circuit layer 40 are 
connected through edge connectors in addition to the vias 20 
28. 

Referring to FIGS. 6a and 6b, the circuit layer 40 of the 
assembly 50 can be further connected to a second circuit 
layer 70. The second circuit layer 70 can include additional 
electronics for driving the electronic display. The second 25 
circuit layer 70 can include a flexible printed circuit board 72 
and high performance integrated circuits 74 that perform 
control functions for the electronic display. The first circuit 
layer 40 and the second circuit layer 70 can be connected 
through a ribbon cable 78, The second circuit layer 70 can 
be used in addressing the display media 14. Alternatively, 
the second circuit layer 70 can be used in addressing a 
second display media provided next to the second circuit 
layer 70. In this embodiment, an electronic display includes 
two display surfaces. 

The order of assembling the modulating layer 10, the 
pixel layer 22 and the circuit layer 40 is not limited to the 
order described in reference to FIGS. 1-3, 4a~4b, and 5. 
Referring to FIGS, la and lb, the pixel layer 22 can be first 4Q 
laminated to the circuit layer 40, forming a subassembly 35, 
and subsequently the modulating layer 10 can be laminated 
to the subassembly 35. This order of assembling the modu- 
lating layer 10, the pixel layer 22 and the circuit layer 40 is 
desirable where the bonding pressure and temperature 45 
required to laminate the pixel layer 22 to the circuit layer 40 
is outside the processing regime of the modulating layer 10. 

The alignment of the modulating layer 10, the pixel layer 
22 and the circuit layer 40 can be facilitated by mechanical 
and/or photographic alignment markers. For example, the 50 
alignment markers can be printed on the second surface 25 
of the pixel layer 22 and the first surface 45 of the circuit 
layer 40 in precise locations, preferably at opposite comers 
on the pixel layers 22 and the circuit layer 40, and the 
relative positions of the pixel layer 22 and the circuit layer 55 
44 layers can be adjusted until all markers are aligned. For 
a plastic or deformable substrate, an alignment feature can 
be embossed on one substrate and punched through the other 
substrate to provide an interlocking alignment joint. 

The method of assembling the electronic display accord- 60 
ing to the present invention, allows each of the modulating 
layer, the pixel layer and the circuit layer to be processed 
individually to optimize its performance characteristics. In 
addition, each of the modulating layer, the pixel layer, and 
the circuit layer can be tested after processing prior to 65 
assembly. Such capability reduces cost of production. In one 
embodiment, a subassembly of the modulating layer and the 



35 



pixel layer can be tested by simply contacting the subas- 
sembly with the circuit layer, prior to assembly. 

In one embodiment, the display media used in forming the 
electronic display comprises a particle-based display media. 
In one detailed embodiment, the particle -based display 
media comprises an electronic ink. An electronic ink is an 
optoelectronically active material which comprises at least 
two phases: an electrophoretic contrast media phase and a 
coating/binding phase. The electrophoretic phase comprises, 
in some embodiments, a single species of electrophoretic 
particles dispersed in a clear or dyed medium, or more than 
one species of electrophoretic particles having distinct 
physical and electrical characteristics dispersed in a clear or 
dyed medium. In some embodiments the electrophoretic 
phase is encapsulated, that is, there is a capsule wall phase 
between the two phases. The coating/binding phase 
includes, in one embodiment, a polymer matrix that sur- 
rounds the electrophoretic phase. In this embodiment, the 
polymer in the polymeric binder is capable of being dried, 
crosslinked, or otherwise cured as in traditional inks, and 
therefore a printing process can be used to deposit the 
electronic ink onto a substrate. 

The optical quality of an electronic ink is quite distinct 
from other electronic display materials. The most notable 
difference is that the electronic ink provides a high degree of 
both reflectance and contrast because it is pigment based (as 
are ordinary printing inks). The light scattered from the 
electronic ink comes from a very thin layer of pigment close 
to the top of the viewing surface. In this respect it resembles 
an ordinary, printed image. Also, electronic ink is easily 
viewed from a wide range of viewing angles in the same 
manner as a printed page, and such ink approximates a 
Lambertian contrast curve more closely than any other 
electronic display material. Since electronic ink can be 
printed, it can be included on the same surface with any 
other printed material, including traditional inks. Electronic 
ink can be made optically stable in all display 
configurations, that is, the ink can be set to a persistent 
optical state. Fabrication of a display by printing an elec- 
tronic ink is particularly useful in low power applications 
because of this stability. 

Electronic ink displays are novel in that they can be 
addressed by DC voltages and draw very little current. As 
such, the conductive leads and electrodes used to deliver the 
voltage to electronic ink displays can be of relatively high 
resistivity. The ability to use resistive conductors substan- 
tially widens the number and type of materials that can be 
used as conductors in electronic ink displays. In particular, 
the use of costly vacuum-sputtered indium tin oxide (ITO) 
conductors, a standard material in liquid crystal devices, is 
not required. Aside from cost savings, the replacement of 
ITO with other materials can provide benefits in appearance, 
processing capabilities (printed conductors), flexibility, and 
durability. Additionally, the printed electrodes are in contact 
only with a solid binder, not with a fluid layer (like liquid 
crystals). This means that some conductive materials, which 
would otherwise dissolve or be degraded by contact with 
liquid crystals, can be used in an electronic ink application. 
These include opaque metallic inks for the rear electrode 
(e.g., silver and graphite inks), as well as conductive trans- 
parent inks for either substrate. These conductive coatings 
include conducting or semiconducting colloids, examples of 
which are indium tin oxide and antimony-doped tin oxide. 
Organic conductors (polymeric conductors and molecular 
organic conductors) also may be used. Polymers include, but 
are not limited to, polyaniline and derivatives, poly- 
thiophene and derivatives, poly3,4-ethylenedioxythiophene 
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(PEDOT) and derivatives, polypyrrole and derivatives, and 
polyphenylenevinylene (PPV) and derivatives. Organic 
molecular conductors include, but are not limited to, deriva- 
tives of naphthalene, phthalocyanine, and pentacene. Poly- 
mer layers can be made thinner and more transparent than 5 
with traditional displays because conductivity requirements 
are not as stringent. 

FIG. 8o shows an electrophoretic display 130. The binder 
132 includes at least one capsule 134, which is filled with a 
plurality of particles 136 and a dyed suspending fluid 138. 10 
In one embodiment, the particles 136 are titania particles. 
When a direct-current electric field of the appropriate polar- 
ity is applied across the capsule 134, the particles 136 move 
to the viewed surface of the display and scatter light. When 
the applied electric field is reversed, the particles 136 move 15 
to the rear surface of the display and the viewed surface of 
the display then appears dark. 

FIG. 8b shows another electrophoretic display 140. This 
display comprises a first set of particles 142 and a second set 
of particles 144 in a capsule 141. The first set of particles 20 
142 and the second set of particles 144 have contrasting 
optical properties. For example, the first set of particles 142 
and the second set of particles 144 can have differing 
electrophoretic mobilities. In addition, the first set of par- 
ticles 142 and the second set of particles 144 can have 25 
contrasting colors. For example, the first set of particles 142 
can be white, while the second set of particles 144 can be 
black. The capsule 141 further includes a substantially clear 
fluid. The capsule 141 has electrodes 146 and 146' disposed 
adjacent it. The electrodes 146, 146' are connected to a 30 
source of voltage 148, which may provide an alternating- 
current (AC) field or a direct-current (DC) field to the 
capsule 441. Upon application of an electric field across the 
electrodes 146, 146 1 , the first set of particles 142 move 
toward electrode 146', while the second set of particles 144 35 
move toward electrode 146. 

FIG. 8c shows a suspended particle display 150. The 
suspended particle display 150 includes needle -like particles 
152 in a transparent fluid 154. The particles 152 change their 4Q 
orientation upon application of an AC field across the 
electrodes 156, 156'. When the AC field is applied, the 
particles 152 are oriented perpendicular with respect to the 
display surface and the display appears transparent. When 
the AC field is removed, the particles 152 are randomly ^ 
oriented and the display 150 appears opaque. 

The electrophoretic displays provided in FIGS. 8a-8c are 
exemplary only, and other electrophoretic displays can be 
used in accordance with the present invention. Other 
examples of electrophoretic displays are described in com- 50 
monly owned, copending U.S. patent application Ser. Nos. 
08/935,800 and 09/140,792 which are incorporated herein 
by reference. 

The successful construction of an encapsulated electro- 
phoretic display requires the proper interaction of a binder 55 
for binding the capsules to a substrate, electrophoretic 
particles, fluid (for example, to surround the electrophoretic 
particles and provide a medium for migration), and a capsule 
membrane (for example, for enclosing the electrophoretic 
particles and fluid). These components must all be chemi- go 
cally compatible. The capsule membranes may engage in 
useful surface interactions with the electrophoretic particles, 
or may act as an inert physical boundary between the fluid 
and the binder. Polymer binders may set as adhesives 
between capsule membranes and electrode surfaces. $5 

Various materials may be used to create electrophoretic 
displays. Selection of these materials is based on the func- 
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tional constituents of the display to be manufactured. Such 
functional constituents include, but are not limited to, 
particles, dyes, suspending fluids, stabilizing/charging 
additives, and binders. In one embodiment, types of particles 
that may be used to fabricate suspended particle displays 
include scattering pigments, absorbing pigments and lumi- 
nescent particles. Such particles may also be transparent. 
Exemplary particles include titania, which may be coated in 
one or two layers with a metal oxide, such as aluminum 
oxide or silicon oxide, for example. Such particles may be 
constructed as corner cubes. Luminescent particles may 
include, for example, zinc sulfide particles. The zinc sulfide 
particles may also be encapsulated with an insulative coating 
to reduce electrical conduction. Light-blocking or absorbing 
particles may include, for example, dyes or pigments. Types 
of dyes for use in electrophoretic displays are commonly 
known in the art. Useful dyes are typically soluble in the 
suspending fluid, and may further be part of a polymeric 
chain. Dyes may be polymerized by thermal, photochemical, 
and chemical diffusion processes. Single dyes or mixtures of 
dyes may also be used. 

A suspending (i.e., electrophoretic) fluid may be a high 
resistivity fluid. The suspending fluid may be a single fluid, 
or it may be a mixture of two or more fluids. The suspending 
fluid, whether a single fluid or a mixture of fluids, may have 
its density substantially matched to that of the particles 
within the capsule. The suspending fluid may be halogenated 
hydrocarbon, such as tetrachloroethylene, for example. The 
halogenated hydrocarbon may also be a low molecular 
weight polymer. One such low molecular weight polymer is 
poly(chlorotrifluoroethylene). The degree of polymerization 
for this polymer may be from about 2 to about 10. 

Furthermore, capsules may be formed in, or later dis- 
persed in, a binder. Materials for use as binders include 
water-soluble polymers, water-dispersed polymers, oil- 
soluble polymers, thermoset polymers, thermoplastic 
polymers, and UV- or radiation-cured polymers. 

While the examples described here are listed using encap- 
sulated electrophoretic displays, there are other particle- 
based display media that also should work well, including 
encapsulated suspended particles and rotating ball displays. 
Other display media, such as liquid crystals and magnetic 
particles, also can be useful. 

In some cases, a separate encapsulation step of the process 
is not necessary. The electrophoretic fluid may be directly 
dispersed or emulsified into the binder (or a precursor to the 
binder material) to form what may be called a "polymer- 
dispersed electrophoretic display/' In such displays, the 
individual electrophoretic phases may be referred to as 
capsules or microcapsules even though no capsule mem- 
brane is present. Such polymer-dispersed electrophoretic 
displays are considered to be subsets of encapsulated elec- 
trophoretic displays. 

In an encapsulated electrophoretic display, the binder 
material surrounds the capsules and separates the two 
bounding electrodes. This binder material must be compat- 
ible with the capsule and bounding electrodes and must 
possess properties that allow for facile printing or coating. It 
may also possess barrier properties for water, oxygen, ultra- 
violet light, the electrophoretic fluid, or other materials. 
Further, it may contain surfactants and cross-linking agents, 
which could aid in coating or durability. The polymer- 
dispersed electrophoretic display may be of the emulsion or 
phase separation type. 

In another detailed embodiment, the display media can 
comprise a plurality of bichromal spheres shown in FIG. 8rf. 
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A bichromal sphere 160 typically comprises a positively 
charged hemisphere 162 of a first color and a negatively 
charged hemisphere 164 of a second color in a liquid 
medium 166. Upon application of an electric field across the 
sphere 160 through a pair of electrodes 168, 168\ the sphere 5 
160 rotates and displays the color of one of the two hemi- 
spheres 162, 164. 

In one embodiment, an electronic display is created by 
printing the entire display or a portion of the display. The 
term "printing" is intended to include all forms of printing 10 
and coating, including: inkjet printing, premetered coating 
such as patch die coating, slot or extrusion coating, slide or 
cascade coating, and curtain coating; roll coating such as 
knife over roll coating, forward and reverse roll coating; 
gravure coating; dip coating; spray coating; meniscus coat- 15 
ing; spin coating; brush coating; air knife coating; screen 
printing processes; electrostatic printing processes; thermal 
printing processes; and other similar techniques. 

Referring to FIGS. 9a and 9b, the pixel layer 200 is 
described in more detail. The pixel layer 200 includes a 2 o 
substrate 202 having a first surface 204 and a second surface 
206. The substrate 202, for example, can be made of an 
insulating polymeric material such as polyethylene tereph- 
thalate (PET, polyester), polyethersulphone (PES), polyimid 
film (e.g. Kapton, available from Dupont [Wilington, Del]; 25 
Upilex, available from Ube Corporation [Japan]), or poly- 
carbonate. An advantage of the insulator substrate 202 is that 
the substrate 202 protects the display media, as well as the 
pixel electrodes 208 from the environment. An array of pixel 
electrodes 208 are provided on the first surface 204 of the 30 
substrate 202. The pixel electrodes 208 are arranged in a 
manner to obtain high aperture ratio or fill factor. An 
electrically conductive material can be evaporated or printed 
on the first surface 204 of the substrate 202 to form the pixel 
electrodes 208. The pixel electrodes 208 are connected to the 35 
second surface 206 of the substrate 202 through electrical 
vias 210. The electrical vias 210 can be formed using one of 
several techniques. For example, holes can be made in the 
pixel layer 200 by either laser drilling, etching or pricking 
the holes. The holes are then filled by printing a low 40 
resistivity slurry such as carbon, graphite, or silver particles 
in a polymeric compound. An array of contact pads 212 are 
provided on the second surface 206 of the pixel layer 200. 
The contact pads 212 can be made using one of many 
available methods known to those skilled in the art. For 45 
example, a conductive material can be evaporated or printed 
on the second surface 206 of the substrate 202 to form the 
contact pads 212. 

The pixel layer can be further processed to include 
various electrical, thermal and optical layers to improve 50 
display performance. For example, thermoelectric (TE) 
heaters or coolers can be provided on either surface of the 
substrate 202, as permitted by space availability, to ensure 
that the electro-optical material stays within its thermal 
operating regime. Thermoelectric heaters may be integrated 55 
by providing traces of resistive material on a surface of the 
substrate 202. By passing an electrical current through these 
traces, the display temperature can be regulated. Conversely, 
thermoelectric coolers, such as a Peltier cooler, can be used 
to move thermal energy from the display to a suitable heat 60 
sink. 

The pixel layer can also include grounded thin metal foils 
and/or reflective or opaque light shields. Grounded thin- 
metal foils or light shields can be used to enhance the optical 
performance of the display and optically shield photosensi- 65 
tive microelectronics from light. For example, the pixel 
layer or the circuit layer may incorporate semiconducting 



materials, many of which are known to be photosensitive. 
Thin foils or light shields may be incorporated onto one or 
more surfaces of the pixel layer or the circuit layer so that 
the photosensitive materials are optically shielded from all 
incident light. 

The circuit layer can include electrodes such as column 
electrodes and row electrodes, non-linear devices, and logic 
or driver circuitry for addressing the display. For example, 
the circuit layer can include transistors shown in FIGS. 10 
and 11. 

Referring to FIG. 10, an organic-based field effect tran- 
sistor 210 includes a substrate 212, a gate electrode 214 
provided on the substrate 212, a dielectric layer 216 pro- 
vided on the gate electrode 214, an organic semiconductor 
218 provided on the dielectric layer 216, and a source 
electrode 220 and a drain electrode 222 provided on the 
organic semiconductor 218. The transistor 210 is electrically 
connected to a pixel electrode 200, a column electrode 204 
and a row electrode 206. The pixel electrode 200 is con- 
nected to the drain electrode of the transistor 210. The 
column electrode 204 is connected to the source electrode of 
the transistor 210. 

The substrate 212 can be flexible. For example, the 
substrate 212 can be made of a polymer, such as polyeth- 
ylene terephthalate (PET, polyester), polyethersulphone 
(PES), polyimide film (Kapton, Upilex), or polycarbonate. 
Alternatively, the substrate 212 can be made of an insulator 
such as undoped silicon, glass, or other plastic. The substrate 
212 can also be patterned to serve as an electrode. 
Alternatively, the substrate 212 can be a metal foil insulated 
from the gate electrode 214 by a non-conducting material. 
The gate elect/ode 214, the source electrode 220, and the 
drain electrode 222, for example, can comprise a metal such 
as gold. Alternatively, the electrodes 214, 220, 222 can 
comprise a conductive polymer such as polythiophene or 
polyaniline, a printed conductor such as a polymer film 
comprising metal particles such as silver or nickel, a printed 
conductor comprising a polymer film containing graphite or 
some other conductive carbon material, or a conductive 
oxide such as tin oxide or indium tin oxide, or metal 
electrodes such as aluminum or gold. 

The dielectric layer 216, for example, can comprise a 
silicon dioxide layer. Alternatively, the dielectric layer 216 
can comprise an insulating polymer such as polyimide and 
its derivatives or poly-vinyl phenol, 
polymethylmethacrylate, polyvinyldenedifluoride, an inor- 
ganic oxide such as metal oxide, an inorganic nitride such as 
silicon nitride, or an inorganic/organic composite material 
such as an organic-substituted silicon oxide, of a sol-gel 
organosilicon glass. The dielectric layer 216 can also com- 
prise a benzocyclobutene (BCB) derivative marketed by 
Dow Chemical (Midland, Mich.), spin-on glass, or disper- 
sions of dielectric colloid materials in a binder or solvent. 

The semiconductor layer 218 can be an organic polymer. 
In one embodiment, the organic semiconductor comprises a 
polymeric or oligomeric semiconductor. Examples of suit- 
able polymeric semiconductors include, but are not limited 
to, polythiophene, poly(3-alkyl), alkyl-substituted 
oligothiophene, polythienylenevinylene, poly(para- 
phenylenevinylene) and doped versions of these polymers. 
An example of suitable oligomeric semiconductor is alpha- 
hexathienylene, Horowitz, Organic Field-Effect Transistors, 
Adv. Mater., 10, No, 5, p. 365 (1998) describes the use of 
unsubstituted and alkyl-substituted oligothiophenes in tran- 
sistors. A field effect transistor made with regioregular 
poly(3-hexylthiophene) as the semiconductor layer is 
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described in Bao et al., Soluble and Processable Regioregu- 
lar Poly(3-hexylthiophene) for Thin Film Field-Effect Tran- 
sistor Applications with High Mobility, Appl. Phys. Lett. 69 
(26), p. 4108 (December 1996). A field effect transistor made 
with a-hexathienylene is described in U.S. Pat. No. 5,659, 
181. 

In another embodiment, the organic semiconductor 218 
comprises a carbon based compound. Examples of suitable 
carbon based compounds include, but are not limited to, 
pentacene, phthalocyanine, benzodithiophene, fullerene, 
buckminsterfullerene, tetracyanonaphthoquinone, and tet- 
rakisimethylanimoethylene. The materials provided above 
for forming the substrate, the dielectric layer, the electrodes, 
or the semiconductor layer are exemplary only. Other suit- 
able materials known to those skilled in the art having 
properties similar to those described above can be used in 
accordance with the present invention. 

The field effect transistor configuration provided in FIGS. 
10 and 11 are exemplary only. Other transistor designs 
known to those skilled in the art can be used in accordance 
with the present invention. For example, a top gate structure 
in which the source and drain electrodes are placed adjacent 
the substrate, covered by the dielectric layer, which in turn 
is covered by the semiconductor and gate electrode, can also 
be used in accordance with the present invention. 

According to the present invention, electrodes, non-linear 
devices such as the transistors of FIGS. 10 and 11, and logic 
and driving circuitry can be manufactured using any appro- 
priate fabrication process known to those skilled in the art 
including, but not limited to, deposition, evaporation, 
lithography, printing, and coating. For example, an entire 
transistor that is organic-based can be printed in its entirety 
as described in co-pending commonly owned U.S. patent 
application Ser. No. 09/289,036, incorporated herein by 
reference. In another example, a transistor can be fabricated 
on a first substrate and subsequently removed and provided 
on a substrate of the circuit layer as described in co-pending 
commonly owned U.S. patent application Ser. No. 09/338, 
412, incorporated herein by reference. 

While the invention has been particularly shown and 
described with reference to specific preferred embodiments, 
it should be understood by those skilled in the art that 
various changes in form and detail may be made therein 
without departing from the spirit and scope of the invention 
as defined by the appended claims. 

What is claimed is: 

1. A method of manufacturing an electro-optical device 
comprising: 

a) providing a modulating layer comprising a first sub- 
strate and an electro-optical material provided adjacent 
the first substrate, the modulating layer being capable 
of changing a visual state upon application of an 
electric field; 

b) providing a pixel layer comprising a second substrate, 
a plurality of pixel electrodes provided on a front 
surface of the second substrate and a plurality of 
contact pads provided on a rear surface of the second 
substrate, each pixel electrode connected to a contact 
pad through a via extending through the second sub- 
strate; 

c) providing a circuit layer comprising a third substrate 
and at least one circuit element; and 

d) laminating the modulating layer, the pixel layer and the 
circuit layer to form the electro -optical device. 

2. The method of claim 1 wherein step d) comprises dl) 
laminating the pixel layer and the modulating layer to form 
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a subassembly and d2) laminating the circuit layer and the 
subassembly, thereby forming the electro-optical device. 

3. The method of claim 1 wherein the electro-optical 
material comprises a plurality of capsules, each capsule 
comprising a plurality of particles dispersed in a fluid. 

4. The method of claim 3 wherein the plurality of particles 
comprises electrophoretic particles. 

5. The method of claim 1 wherein the electro-optical 
material comprises liquid crystals. 

6. The method of claim 1 wherein the electro-optical 
material comprises a plurality of capsules, each capsule 
comprising a bicbromal sphere dispersed in a fluid. 

7. The method of claim 1 wherein the modulating layer 
comprises a flexible first substrate. 

8. The method of claim 1 wherein the modulating layer 
comprises an organic first substrate. 

9. The method of claim 1 wherein the modulating layer 
comprises a first substrate and a transparent common elec- 
trode provided on the first substrate. 

10. The method of claim 1 wherein the pixel layer 
comprises a second insulative substrate. 

11. The method of claim 1 further comprising forming the 
pixel layer by printing a conductive material on the front 
surface of the second substrate to form the pixel electrodes. 

12. The method of claim 1 further comprising forming the 
pixel layer by evaporating a conductive material on the front 
surface of the second substrate to form the pixel electrodes. 

13. The method of claim 1 wherein step d) comprises dl) 
integrating the pixel layer and the modulating layer to form 
a subassembly and d2) integrating the circuit layer and the 
subassembly, thereby forming the electro-optical device. 

14. The method of claim 2 wherein step dl) comprises 
encapsulating the pixel layer and the modulating layer. 

15. The method of claim 2 wherein step dl) comprises 
sealing together an edge of the pixel layer and an edge of the 
modulating layer. 

16. The method of claim 13 wherein step dl) comprises 
laminating the pixel layer and the modulating layer by 
providing the front surface of the pixel layer adjacent the 

40 electro-optical material of the modulating layer. 

17. The method of claim 2 wherein step d2) comprises 
bonding the circuit substrate layer and the subassembly. 

18. The method of claim 2 wherein step dl) comprises 
inserting an adhesive layer between the pixel layer and 
modulating layer. 

19. The method of claim 2 wherein step d2) comprises 
bonding the circuit layer to the rear surface of the pixel layer. 

20. The method of claim 19 wherein step d2) comprises 
bonding the circuit layer and the subassembly through one 
of thermocompression, thermosonic bonding and mechani- 
cal bonding. 

21. The method of claim 19 wherein step d2) comprises 
bonding the circuit layer and the subassembly by inserting 
an adhesive between the circuit layer and the subassembly. 

22. The method of claim 21 wherein step d2) comprises 
inserting an adhesive layer comprising an anisotropically 
conductive material between the circuit layer and the sub- 
assembly. 

23. The method of claim 2 further comprising printing an 
adhesive layer adjacent the rear surface of the pixel layer 
around the contact pads prior to performing step d2). 

24. The method of claim 13 wherein step a) comprises 
providing a first modulating layer and a second modulating 
layer, step b) comprises providing a first pixel layer and a 
second pixel layer, step dl) comprises laminating the first 
pixel layer and the first modulating layer to form a first 
assembly and laminating the second pixel layer and the 
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second modulating layer to form a second assembly, and 
step 62) comprises placing the circuit layer between the first 
assembly and the second assembly. 

25. The method of claim 13 wherein the circuit layer 
comprises a plurality of contacts provided on a front surface 5 
of the third substrate and step d2) comprises laminating the 
modulating layer and the subassembly such that a contact of 
the circuit layer is provided adjacent the contact pad of the 
pixel layer. 

26. An electro -optical device manufactured by the method 10 
of claim 13. 

27. The method of claim 1 wherein step d) comprises dl) 
laminating the pixel layer and the circuit layer to form a 
subassembly and d2) laminating the modulating layer and 
the subassembly to form the electro -optical device. is 

28. An electro-optical device manufactured by the method 
of claim 27. 

29. The method of claim 1 wherein the circuit layer 
comprises at least one of a data line driver, a select line 
driver, a power supply, a sensor, a logic element, a memory 20 
device, and a communication device. 

30. The method of claim 1 further comprising testing the 
modulating layer and the circuit layer prior to performing 
step d), 

31. The method of claim 1 wherein the circuit layer 25 
comprises a plurality of non-linear devices. 

32. The method of claim 1 wherein the circuit layer 
comprises a plurality of organic-based field effect transis- 
tors. 
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33. The method of claim 1 further comprising printing an 
organic-based field effect transistor array on a front surface 
of the third substrate of the circuit layer, 

34. A method of manufacturing an electro-optical device 
comprising: 

providing a modulating layer comprising a first substrate 
and an electro-optical material provided adjacent the 
first substrate, the modulating layer being capable of 
changing a visual state upon application of an electric 
field; 

providing a pixel layer comprising a second substrate, a 
plurality of pixel electrodes provided on a front surface 
of the second substrate and a plurality of contact pads 
provided on a rear surface of the second substrate, each 
pixel electrode connected to a contact pad through a via 
extending through the second substrate; 

providing a plurality of via holes through the second 
substrate and filling the via holes with a conductive 
material; 

providing a circuit layer comprising a third substrate and 
at least one circuit element; and 

integrating the modulating layer, the pixel layer and the 
circuit layer to form the electro-optical device. 

***** 
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